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ABSTRACT 


Thermal  radiative  properties  of  xenon  flashtubes  have  been 

studied  by  measviring  radiant  energies  per  flash  and  peak  irradiances 

incident  on  small  objects  located  at  the  center  of  selected  helical 

flashtubes.  Methods  are  described  for  detemining  these  properties 

by  employing  black-body  calorimeters  in  conjunction  with  oscilloscopic 

presentation  of  intensity  vs-  time.  Thermal  pulses  were  found  to  be 

quite  reproducible  and  are  of  the  order  of  1.0  to  1*7  cal/cm  per 

thousand  joules  of  electrical  input  energy  depending  on  the,  type  of 
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f lashtube .  Peak  irradiances  of  over  7 ^  000  cal • cm  sec  were 

observed,  and  the  influence  of  varying  the  capacitance  and  voltage  was 
also  determined. 

In  addition,  some  electrical  characteristics  of  the  flash- 
tubes,  such  as  current  and  resistance  were  included  in  the  measure¬ 
ments  . 


SIMMA.RY 


The  Problem 

With  the  innovation  of  xenon  flashtubes  as  sources  of  thermal 
radiation  for  the  continuing  experimental  studies  on  ignition  of 
celluloslc  materials,  it  has  been  necessary  to  determine  quantitatively 
the  total  energies  and  peak  irradiances  to  which  the  exposed  samples 
are  subjected  under  varying  combinations  of  flashtube  circuit  capaci¬ 
tance  and  voltage . 

The  Findings 

Within  the  rated  values  of  the  flashtubes,  the  radiant  energy 
per  flash  was  found  to  be  directly  proportional  to  the  electrical 
energy  dissipated  in  the  discharge  regardless  of  the  particiilar  com- 
binption  of  capacitance  and  voltage.  On  the  other  hand,  the  peak 
irradiance  varies  linearly  with  the  voltage  squared  and  only  slightly 
increases  with  capacitance .  Also  established  has  been  the  influence 
of  these  parameters  on  pulse  shape  and  (to  a  more  limited  extent)  on 
the  spectral  distribution  of  the  radiant  energy. 
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INTRODUCTION 


mCKGROUND 

Continuation  of  studies  in  this  Laboratory  on  the  flash  pyrolysis 
of  cellxilosic  materials  has  led  to  the  requirement  for  a  thermal  source 

which  will  heat  samples  uniformly  and  rapidly  (in  less  than  a  second)  ® 

o 

to  high  temperatures.  Beca\ise  the  carbon-arc  sources  which  have  been 
used  extensively  in  the  ignition  program  fall  short  of  this  require¬ 
ment,  other  possible  sources  were  considered.  The  feasibility  of 
dielectric  heating  of  cellvilose  at  microwave  frequencies  was  first  ° 
studied,  and  the  report  indicates  that  this  technique  does  have  pos¬ 
sibilities  as  a  useful  method  for  heating  cellxiLosic  materials.  How¬ 
ever,  subsequent  attention  to  dielectric  heating,  which  requires  com¬ 
plex  and  expensive  equipment,  was  held  in  abeyance  in  view  of  the  out- 
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standing  success  reported  by  Nelson,  Lundberg,  and  Kuebler  at  Bell 
Telephone  Laboratories  who  used  the  illumination  from  capacitor  dis¬ 
charges  throvigh  flashtubes  to  instantaneously  heat  a  variety  of 
materials . 

Preliminary  experimentation  in  this  Laboratory  to  determine  the 
applicability  of  the  flash  method  to  ignition  studies  consisted  of 
placing  thin  strips  of  blackened  celliilose  within  the  helix  of  a  high- 
energy  xenon  flashtube  so  that  both  surfaces  of  the  sample  were  irra¬ 
diated,  thus  improving  the  uniformity  of  the  temperature  profile.  It 
was  found  that  a  single  discharge  of  a  thoiisand  Joules  will  completely 
decompose  such  a  sample  in  a  fraction  of  a  millisecond.  The  reaction 
is  so  violent  that  an  explosion  results  which  sounds  like  a  gun  shot. 
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This  provided  quick  and  dramatic  justification  for  immediately  com¬ 
mencing  the  equipment  construction  and  flashtube  evaluation  reported 
herein. 

Of  coxirse,  one  necessary  condition  for  efficient  use  of  such  a 
thermal  source  is  that  the  absorptance  of  the  material  to  be  heated 
must  be  reasonably  high  in  the  visible  and  near  infrared,  because  most 
of  the  radiant  output  from  the  xenon  discharge  is  in  that  part  of  the 
spectrum.  Inasmuch  as  most  celltilosic  materials  are  white,  extensive 
earlier  work  in  this  Laboratory  has  shown  that  the  inclusion  of  approx¬ 
imately  2^  carbon  black  within  the  bulk  of  cellulose  sheets  has  ren¬ 
dered  them  an  absorptance  close  to  100^  over  this  region  of  the  spec¬ 
trum. 


PREVIOUS  FIASHTUBE  STUDIES 

«> 

Over  the  past  couple  of  decades,  flashtubes,  particularly  those 
containing  xenon  as  the  discharge  gas,  have  become  prominent  as  illu- 
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mination  sources  for  photography.  This  work  was  pioneered  by  Edgerton 
and  a  number  of  others  '  who  have  published  papers  on  the  elec¬ 

trical  characteristics  and  light  output  of  flashtubes.  Within  the 

21—  2^  o  o 

last  decade  several  investigators  ”  have  applied  various  types  of 

flashtubes  to  photochemical  studies  to  provide  a  source  of  radiation 
in  the  near  ultraviolet.  Except  for  the  work  at  Bell  Laboratories  and 
a  series  of  detonation  experiments  carried  out  by  Berchtold  and 
Eggert,^^'^^  there  is  no  record  of  flashtubes  being  employed  as  ther¬ 
mal  sources,  and  until  recently,  the  literature  was  nearly  devoid  of 
information  pertaining  to  their  thermal  radiative*  properties . 

*Prior  to  the  completion  of  this  project,  results  of  some  thermal 
measurements  on  flashtubes  were  published  by  Kuebler  and  Nelson. 2T 
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OBJECTIVES 


The  investigations  described  here  were  directed  toward  providing 
the  following  information  about  flashtubes  pertinent  to  their  utiliza¬ 
tion  in  the  ignition  program  of  this  Laboratory: 

(1)  Establish  quantitative  relationships  between  radiant  energy 
per  flash  and  electrical  input  energy. 

(2)  Determine  peak  irradiances  available  and  the  factors  which 
control  them. 

(3)  Develop  a  method  for  obtaining  the  above  values. 

(i^)  Ascertain  the  dependence  of  thermal  pulse  shapes  on 

electrical  parameters. 

(5)  Determine  some  of  the  electrical  characteristics. 

*(6)  Gain  at  least  some  limited  information  on  spectral 
distribution. 

(T)  Estimate  temperatures  attainable  in  samples. 
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EQUIPMEKT  and  TECHNIQUES 


PYROLYZING  UNIT 

A  convenient  arrangement  for  flash  pyrolyzing  a  sample  of  solid 
material  and  subsequently  analyzing  the  pyrolysis  products  is  achieved 
by  placing  an  open  helical  flashtube  coaxially  around  a  segment  of 
glass  or  quartz  tubirig  which  contains  the  sample.  The  tubing  plus 
saa^jle  can  then  be  incorporated  into  a  gas  chromatography  unit  by 
coimecting  it  in  series  with  the  helium  inlet  stream.  With  this 
arrangement,  the  volatile  products  are  immediately  swept  into  the 
chromatography  colmn  when  the  flashtube  is  discharged.  A  similar 
arrangement  is  \ised  to  pyrolyze  solid  samples  in  a  mass  spectrometer. 


Here,  the  siample  is  contained  in  the  closed- off  end  of  a  segment  of 
glass  tubir?^  which  opens  into  the  ion  source,  and  the  gaseous  products 
have  only  a  few  inches  (a  small  fraction  of  the  mean-free-path)  to 
travel  before  encouatering  the  ionizing  electron  beam. 

With  these  two  applications  as  objectives,  thecsnecessary  features 
were  incorporated  into  the  design  of  the  connpact  pyrolyzing  unit  shown 
in  Fig.  1.  The  quartz  sleeve  (not  shown)  centered  inside  of  the  flash- 
tube  helix  plus  the  teflon  plates  on  each  end  are  removable.  When  in 
place,  they  provide  an  annular  space  through  which  hot  air  can  be 
circulated  outside  of  the  sample- containing  tube  to  prevent  condensa¬ 
tion  of  volatile  products  inside  of  it.  This  also  protects  the  flash- 
tube  in  case  of  failure  of  the  sample  tube.  Aluminum  foil  is  wi'apped 
externally  aroimd  the  flashtube  to®serve  as  a  reflector  and  as  the 
trigger  electrode  to  initiate  the  discharge.  The  trigger  transformer 
which  produces  a  sharp  15  KV  pulse  is  located  inside  of  the  housing 
between  the  legs  of  the  flashtube;  the  housing  itself  was  constructed 
of  transits  and  can  be  motinted  in  any  position.  The  unit  is  connected 
to  the  capacitor  bank  and  triggering  circuit  by  coaxial  cables  to 
minimize  extraneo^as  electrical  radiation. 

* 

CHOICE  OF  FLASHTUBES 

Xenon  flashtubes  have  been  used  exclusively  in  this  work  for  the 

following  reasons;  (l)  the  significantly  greater  luminous  efficiency 

l8 

of  capacitor  discharges  thro\igh  xenon,  (2)  the  spectral  distribution 
of  their  illumination  is  similar  to  that  of  svinlight  as  well  as  nuclear 
weapons,  (3)  numerous  sizes  and  configurations  are  available  commer¬ 
cially.  The  requirements  of  this  project  for  an  open  helical  configu¬ 
ration  and  high  energy  capability  sharply  narrowed  the  choice,  and 
for  this  work  most  of  the  measurements  were  made  on  the  General 
Electric  FT- 625.  This  is  a  factory  modification  of  the  FT- 623,  a 


o 

Fig.  1.  Hie  pyrolyzing  unit  with  an  FT-625  positioned  exter¬ 
nally  for  illustration.  Above  the  flashtube  is  the  vacuum 
ceilorimeter  which  includes  the  blackened  silver  cylinder 
suspended  by  the  thermocouple  wires. 
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Aive-t\arii  5 *5- cm  diameter  helix  wound  from  12-mm  o.d.  quartz  tubing. 

28 

The  two  are  electrically  identical,  and  the  only  difference  is  one 
of  configiaration  wherein  the  FT- 625  is  not  mounted  on  a  base  and  the 
legs  are  perpendicular  to  the  axis  of  the  helix  rather  than  parallel. 
The  tube  has  very  rugged  electrodes  and  is  rated  at  24,000  watt- seconds 
(joules)  per  flash  maximum. 

Some'  measurements  were  made  on  two  smaller  tubes  having  helical 
configurations,  the  FT-403  (Pyrex)  and  the  FT-524  (quartz,  and  same  as 
FT-503).  The  FT-524  is  rated  at  2,000  joules,  but  can  be  operated  at 
3,200  joules  for  nonrepetitive  use-  However,  it  was  necessary  to 
remove  these  types  from  their  bases  to  mount  them  in  the  pyrolyzing 
unit. 

• 

CIRCUITRY 

Energy  is  supplied  to  the  flashtube  from  a  portable  capacitor 
bank  containing  four  100  nf  (approximate  value)  capacitors  rated  at 
4  KV  and  mounted  so  that  any  number  of  them  can  be  readily  connected 
in  parallel.  The  capacitors  are  charged  through  a  limiting  resistor  by 
a  small,  high-voltage  power  supply  which  has  a  d.c.  output  continuously 
variable  from  zero  to  5  KV,  and  the  voltages  across  the  capacitors  were 
read  from  a  calibrated  voltmeter  to  within  20  volts  (see  Fig.  2).  The 
thyratron  circuit  which  energizes  the  primary  of  the  trigger  transformer 
is  included  in  the  power  supply  unit. 

The  actml  value  of  each  capacitor  was  checked  by  an  a.c.  capacitor 
bridge  and  then  calibrated  by  carefully  measuring  the  RC  time  constant 
of  a  discharge  circuit  comprised  of  precision  resistors  connected 
across  the  capacitor. 
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Fig.  2.  Assemblage  of  most  of  the  experimental  equipment 
showing  the  5  KV  power  supply  sitting  atop  the  400  (if 
capacitor  bank.  The  photodetecting  unit  is  shown  above  the 
pyrolyzing  chamber  which  is  secured  to  its  carriage. 
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EFFECT  OF  CIHCUIT  INDUCTANCE 

•  .  • 

The  influence  on  the  shape  of  the  light  pulse  due  to  a  series 

e 

inductance  added  to  the  circxiit  is  illustrated  graphically  in  Fig.  3. 

The  two  curves  ;i:;esult  from  identical^  parameters  except  for  the  inser¬ 
tion  of  a  0.6  millihenry  choke  in  series  between  the  capacitor  and  the 
flashtube}  it  is  evident  that  the  added  inductance  reduces  the  peak 
amplitude  but  increases  the  pxilse  dizration  both  electrically  and  op¬ 
tically.  However,  the  total  energy  radiated  by  the  flashtube  is  not 
significantly  reduced,  if  the  resistance  of  the  choke  is  negligible 
compared  to  that  of  the  flashtube.  In  the  circuit  associated  with 
Fig.  3i  the  ohmic  resistance  of  the  choke  was  O.5  ohm  and  not  negligi¬ 
ble  compared  to  the  3  ohms  of  the  flashtube.  According  to  Marshak  and 
33 

Shchoukin,  circuit  inductance  less  than  100  ph  does  not  significantly 
influence  the  light  output  from  tubiilar  flashtubes,  but  at  2500  loh  the 
pialse  duration  is  doubled  and  the  total  output  is  decreased  by  30^. 

Inasmuch  as  the  present  work  requires  short-dxzration,  high-energy 
pulses,  circlet  inductance  has  been  kept  to  a  minimum  and  the  data 
reported  herein  result  with  no  choke  in  the  circuit. 


MEA|UREMENTS 


Because  the  primary  interest  in  this  work  has  been  confined  to  the 
thermal  performance  of  selected  available  flashtubes,  no  measurements 
on  the  effects  of  varying  tubing  length  or  diameter,  gas  pressure, 
voltage  gradient,  etc.  have  been  included.  Extensive  stiidies  on  these 

aspects  of  flashtube  technology  have  been  undertaken  by  other  investi- 

^  11,20,33 

gators. 


(1)  Current  and  Voltage.  The  discharge  current  through  the  flash- 
tubes  was  measured  by  applying  to  an  oscilloscope  the  voltage  drop 
across  a  .001  ohm  meter  shunt  in  series  between  the  capacitor  bank  and 
the  flashtube. 
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Fig.  3-  Oscillogram  showing  the  effect  of  a  series  0.6  mh 
choke  on  the  light  output  from  a  FT-625  discharge  of  290  pf 
at  14-.0  KV.  I5>per;  no  choke  in  ckt.  Lower:  identical  dis¬ 
charge  with  the  choke  in  the  ckt.  Vertical  units  are  the 
same  for  both  curves. 


9 


Similarly,  the  instantaneous  voltage  across  the  flashtubes  was 
measured  by  connecting  a  resistive  voltage  divider  across  the  tube  to 
reduce  the  voltage  fed  to  the  oscilloscope  by  a  factor  of  5OO.  The 
combination  of  a  dual  trace  oscilloscope  and  a  camera  made  possible  the 
simultaneous  recording  of  flashtube  voltage  and  current  as  a  function 
of  time  for  single  flashes. 

In  addition,  oscillogi'ams  showing  light  output  as  a  function  of 
flashtube  current  were  obtained  by  applying  the  voltage  from  a  photo¬ 
tube  circuit  ?o«the  vertical,  amplifier  and  the  voltage  resulting  from 
the  flashtube  cwrent  to  the  horizontal  amplifier  of  the  oscilloscope. 

(2)  Thermal  Irradiance .  The  chief  interest  was  measurement  of 
the  thermal  radiation  received  by  cellulose  samples  when  placed  in  the 
center  of  the  helical  flashtubes.  A  simple,  yet  accurate  calorimeter 
for  measuring  this  thermal  energy  was  constructed  from  a  1.28-cm  seg¬ 
ment  of  .97-cm  O.D.  hollow,  pure  silver  cylinder  with  a  wall  thickness 
appr?)ximately  1.0  ^  and  a  total  wei^t  of  3  *598  gm.  Two  holes  were 
drilled  parallel  and  diametrically  opposite  to  one  another  in  one  end 
of  the  cylinder,  and  a  chrome!  wire  was  peened  into  one  hole  and  an 
alumel  wire  into  the  other  to  complete  the  thermocouple  circuit  throi;igh 
the  element  itself.  The  outer  surface  only  of  the  cylinder  was  plati¬ 
num  blackened  by  deposition  from  chloroplatlnic  acid  solution.  As 
shown  in  Fig.  1,  the  cylinder  was  sxaspended  vertically  by  the  thermo¬ 
couple  wires  and  enclosed  within  a  Pyrex  jacket  which  was  coimected  to 
a  vacuum  system  and  continuously  pianped  during  irradiations.  The  tem¬ 
perature  increment  of  the  calorimeter  element  resulting  from  each  flash 
was  measured  by  connecting  the  thermocouple  leads  directly  to  a  Brown- 
type  potentiometric  recorder. 

Altho\igh  the  recorder  could  not  follow  the  temperature  increase, 
a  good  cooling  curve  of  the  calorimeter  element  was  obtained  for  each 
flash,  and  this  was  extrapolated  back  to  the  instant  of  the  flash  to 
give  the  total  temperature  increment.  Because  of  the  evacuated  jacket. 


the  slope  of  the  cooling  curves  was  quite  gradual  and  lent  greater 
precision  to  the  extrapolations.  For  the  most  part,  this  technique 
yielded  reasonably  good  precision  iii  that  discharges  resiiLting  from 
the  same  settings  of  voltage  and  capacity  produced  ten5)erature  incre¬ 
ments  reproducible  usually  within  one  per  cent.  The  energy  absorbed 
per  square  centimeter  by  the  calorimeter  from  each  flash  was  then  cal- 
cul'ated  from  the  temperatiore  rise,  the  known  weight  of  the  silver  cyl¬ 
inder  ^  its  heat  capacity,  and  its  surface  area.  The  absorptance  of 
the  Pt  black  was  assumed  to  be  imity.  Renewal  of, the  black  was  neces¬ 
sary  when  after  about  a  dozen  exposxires,  the  black  tended  to  become 
slightly  gray.  With  this  experimental  technique,  it.  was  possible  to 
measure  cal/ cm  per  flash  inside  of  the  helix  for  numerous  combinations 
of  voltage  and  capacitance. 

(3)  Spectral  Considerations.  Narrow- band  interference  filters 
combined  with  vacuum  phototubes  PT-935  and  PT-917  were  used  in  con- 
Junction  with  a  dual  trace  scope  equipped  with  a  camera  to  record 
simultaneovisly  light  intensities  at  O.35  and  1.01  microns  as  a  function 
of  timej  this  also  made  it  possible  to  observe  any  sequential  differ¬ 
ence  in  the  short  and  long  wave  length  portions  of  the  light  pulses. 

DETJ^piNATION  OF  IRRADIANCE 

Ideally,  the  radiant  power  as  a  function  of  time*would  be  measured 
using  a  recejiver  whose  spectral  response  is  flat  from  O.3  to  4  micron, 
and  whose  time  constant  (including  leads)  is  less  than  10  nsec.  Unfor¬ 
tunately,  black-body  radiometers  are  not  that  fast.  Therefore,  to  es- 
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tablish  the  tlme-irradiance  characteristics  of  the  flashtubes  it  is 
necessary  for  each  flash  to  record  the  light  piiLse  using  a  photosensi¬ 
tive  device  whose  output  is  proportional  to  the  irradiance  and  then 
eqmte  the  area  under  this  light-time  cturve  to  the  radiant  energy 
measured  simxaltaneously  by  the  black-body  calorimeter. 


In  choosing  photosensitive  detectors  to  record  the  shape  of  the 
total  radiant  pulse  from  each  discharge^  the  two  major  factors  of  con¬ 
cern  are  spectral  response  and  time  response.  In  general,  vacuum  photo¬ 
tubes  (or  miiltipliers )  in  circuits  having  low  load  resistance  are  ade¬ 
quately  fast,  but  have  poor  response  in  the  infrared.  Of  the  possible 
phototubes,  it  was  concluded  that  only  those  with  an  S-1  response 
(such  as  the  PT-917)  give  a  reasonably  close  intensity-time  represen¬ 
tation  of  the  total  thermal  pulse.  On  the  other  hand,  most  of  the 
photoconductors  have  adeqmte  infrared  response,  but  are  much  too 
slow.  Fort\anately,  one  of  the  lead,  selenide  photoconductors  on  hand 
exhibited  an  adequately  short  time  response  for  this  work.  Also,  the 
PbSe  response  was  assxmed  to  be  closer  to  that  of  a  bl.ack-body  because 
its  response  extends  from  below  the  blue  to  beyond  the  infrared  limit 
of  the  Pyrex  transmission,  despite  the  fact  that  it  is  not  flat  ov^r 
this  range  and  tends  to  exaggerate  the  longer  wave  length  intensities. 
Light  measurements  for  the  peak  irradiance  calibrations  described 
herein  were  made  by  operating  the  PbSe  photoconductor  with  a  series 
load  of  10  kilohm  across  volts  within  the  linear  range  of  illumina¬ 
tion  vs.  current;  the  output  voltage  was  presented  on  a  Tektronix  type 
533  oscilloscope  and  photographed  with  a  Polaroid  Camera. 

The  total  area  recorded  on  each  oscillogram  was  doubled  by  pre¬ 
senting  for  each  flash  two  sweeps  of  the  scope  on  one  photograph. 

This  was  accon?)lished  by  simultaneously  triggering  the  flashtube,  the 
scope,  and  a  time- delay  circuit.  The  delay  circuit  triggered  a  second 
sweep  on  the  scope  immediately  after  the  first,  and  thus  more  of  the 
tail  of  the  light  pulse  was  recorded;  this  permitted  greater  acciaracy 
in  graphical  integration  of  areas  under  the  ctirves  directly  from  the 
oscillograms  by  the  use  of  a  planimeter.  Fig.  4  is  an  example  of  one 
such  oscillogram.  These  areas  were  determined  in  units  of  the  divisions 
on  the  oscillograms  and  equated  to  the  total  energy  per  square  centi¬ 
meter  received  by  the  calorimeter  during  the  same  flash.  From  this 
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Fig.  4.  Typical  single-trace  double- sweep 
oscillogram  of  a  photodetector  signal  vs.  time 
(50  pisec/cm).  This  is  the  light  output  from  a 
FT-625  discharge  of  195  lif  at  5*0  KV. 


the  irradiance  level  per  vertical  division  on  each  oscillogram  vas 

-2  -1 

calculated  and  the  irradiance  in  cal- cm  sec  at  any  point  of  time 
during  the  flash  could  be  readily  determined. 

The  order  in  which  identical  discharges  were  repeated  for  data 
acquisition  was  randomized  to  avoid  systematic  errors  due  to  such 
causes  as  loss  in  calorimeter  or  photodetector  sensitivity.  Moreover, 
each  flash  was  monitored  to  verify  the  reproducibility  of  the  pialse 
shape  obtained  from  a  given  combination  of  capacitance  and  voltage. 


,  RESULTS  AND  DISCUSSION 

ELECTRICAL  CHARACTERISTICS 

In  low  inductance  circuits,  the  oscilloscopic  traces  of  current 
vs.  time  for  the  three  types  of  flashtubes  show  a  sharp  initial  current 
or  spike  which  is  usually  20  to  80  per  cent  greater  in  an5>litude  than 
the  main  peak.  (See  Fig.  5-)  This  spike  is  the  initial  cycle  of  a 
highly  damped  oscillation  always  present  in  the  early  portion  of  the 
current  pulse;  the  oscillation  is  of  the  order  of  magnitude  of  50  kilo¬ 
cycles  and  varies  with  capacitance. 

Oscillograms  displaying  simultaneously  the  flashtube  voltage  and 
current  vs.  time  show  that  the  resistance  of  the  tubes  varies  somewhat 
during  discharge,  because  the  current  always  manifests  a  faster  rate 
of  decay  than  the  voltage.  This  non-ohmic  relationship  is  displayed 
more  clearly  in  Fig.  6  which  presents  c\irrent  as  a  fvinction  of  voltage. 
At  the  beginning  of  the  pulse,  the  resistance  is  near  a  minimum  and 
increases  slightly  during  the  discharge.  This  is  in  fair  agreement 
with  Carlson. Measwements  from  a  number  of  current-voltage  oscillo¬ 
grams  show  that  the  average  resistance  of  a  FT-625  is  nearly  independ¬ 
ent  of  the  capacity  and  voltage  and  is  approximately  2.7  to  3.2  ohms. 
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50  jisec/ cm 


Fig.  5.  Typical  flashtube  current  pulae.  Discharge  of  97  M-f 
at  5*0  KV  through  a  FT- 625* 


500  volts/ cm 


Fig.  6.  The  relationship  between  cirrrent  and  voltage  during 
a  typical  discharge  of  a  FT-625.  Input  is  from  586  tif  at  5.O 
KV.  (In  this  case  the  trace  terminated  after  about  2000  tisec 
and  before  it  returned  to  the  origin  as  it  progressed  from 
right  to  left. ) 
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However,  a  more  significant  qmntity  is  the  dynamic  resistance,  i-e., 
the  slope  of  that  part  of  the  cxjrrent-voltage  curve  which  corresponds 
to  the  major  portion  of  the  decay.  This  is  about  1.8  to  2.2  ohms  for 
the  FT- 625.  For  any  of  these  discharges,  a  plot  of  the  logarithm  of 
the  instantaneous  current  vs.  time  yields  a  straight  line  over  most  of 
the  tail,  thus  showing  that  at  least  part  of  the  current  flow  has  an 
exponential  decay.  Moreover,  the  measured  time  constant,  t,  of  this 
exponential  decay  agrees  with  the  value  calculated  from  t  =  RC  where 
R  is  the  dynamic  resistance  of  the  flashtube.  The  resistance  values 
of  the  FT- 524  evidence  somewhat  greater  variation  with  circuit  para¬ 


meters.  Tile  average  iesistaiiCc  usually  falls-  within  3-^ 
and  the  dynamic  resistance  is  approximately  2  to  3  ohms. 


1  .  R  i-iUws  . 


RADIANT  EMISSION 

O 

Although  the  behavior  of  electric  discharges  within  the  flash- 

tubes  is  of  considerable  complexity,'^^^^^^^'^^^^^'^'^  it  is  clear  that 

the  observed  light  emissions  for  a  given  tube  are  controlled  by  the 

7  Q  IR  l4  17  24  28 

electrical  parameters  of  the  external  circuit.  *  ’  ’  >  >-  >  >  > 

31>33  shape,  duration,  and  intensity  of  the  light  pulse  depends 

on  several  factors  including  (l)  type  and  shape  of  flashtube,  (2)  total 
capacitance,  (3)  voltage  to  which  capacitors  are  charged,  (4)  induct¬ 
ance  and  resistance  in  the  discharge  circuit,  and  (5)  per  cent  of  cir¬ 
cuit  energy  expended  in  the  flashtube.  Factors  other  than  circuitry, 
such  as  reflectors  and  location  of  specimen  with  respect  to  the  flash- 
tube,  also  have  significance. 

Information  in  the  literature  on  the  spectral  distribution  of  the 

light  emitted  by  the  discharge  of  flashtubes  is  meager.  Nevertheless, 

it  is  realized  that  the  spectral  distribution  is  a  function,  primarily, 

of  the  current  density  which,  in  turn,  is  dependent  on  the  voltage 

IT 

across  any  given  tube .  Olsen  and  Huxford  have  suggested  that  the 
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densely  ionized  plasma  radiates  as  a  "gray  body"  and  exhibits  a  spec¬ 
tral  maximum  which  is  temperature  dependent.  Various  investigators^*^^ 
15 ^ -'-6, 18,19, 30  information  within  limited  portions  of  the 

spectrum  showing  that  the  xenon  discharge  light  is  essentially  white 
and  continuous  in  the  visible  region;  however,  at  low  current  densities 
or  low  gas  pressures  (below  about  40  iitim  Hg),  the  continuum  is  replaced 

21  19 

by  the  Xenon  .line  spectrum.  Barstow  ^  has  pointed  out  that  there  is 
adequate  IR  from  the  flashtube  discharge  to  make  it  a  source  for  the 
near  IR.  One  of  the  best  references  on  spectral  distribution  is  the 

28 

General  Electric  Flashtube  Manml .  These  soto'ces  agree  that  the 
major  spectral  peak  is  around  hSOO  R  and  a  broad  minor  peak  lies 
between  8OOO  to  10,000  8.  with  only  a  shallow  dip  between  them.  The 
relative  heights  of  the  two  peaks  is  contingent  upon  the  initial  dis¬ 
charge  voltage  for  any  given  flashtube.  At  the  comparatively  high 
voltages,  the  shorter  wave-length  peak  predominates,  but  near  the  mini- 
mm  operating  voltage  the  longer  wave-length  peak  is  nearly  equal  in 
intensity.  This  effect  is  shown  in  Fig.  7,  although  here  the  dominance 
of  the  blue  region  is  somewhat  reduced  because  the  intensity  at  3500  S 
is  less  than  at  the  4500  R  peak.  Radiations  from  xenon  discharges  are 
often  compared  to  those  of  black-body  radiators  at  temperatures  of  6OQO 
to  7000°K;^^'^^'’^^  however,  such  consideration  is  usually  valid  only 
for  the  visible  parteof  the  spectrum. 

This  effect  of  voltage  on  the  spectral  distribution  shows  up  in 
the  field  calorimeter  experiments  which  determined  the  amount  of  energy 
at  wave  lengths  longer  than  1.0  micron.  (See  Table  I.)  Because  the 
transmission  characteristics  of  the  Corning  No.  7-56  filter  extend  to 
nearly  2.8  micron,  it  is  reasonable  to  assume  that  these  values  repre¬ 
sent  a  good  approximation  to  the  total  energy  radiated  by  a  quartz 
flashtube  beyond  1.0  micron. 
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MICROSECONDS 


Fig.  7.  A  con^iarison  showing  the  effect  of  voltage  on  the  relative 
ajnplitudes  of  wave  lengths  in  the  ultraviolet  and  infrared  parts 
of  the  emission  from  a  FT-625  with  a  290  nf  capacitance.  The 
relative  amplitudes  are  adjusted  so  that  the  1.0  micron  curve  is 
the  same  for  both  sets  of  conditions. 


TABLE  I 


PER  CENT  OF  FT- 625  EMISSION  AT  WAVE  LENGTHS  LONGER  THAN 


Voltage 

Capacitance 

Joules 

i  >  i.op 

5.0  KV 

97  pf 

1200 

19 

2.2 

386 

880 

25 

3-0 

386 

1730 

22 

The  effect  of  voltage  variation  on  the  radiant  output  at  opposite 

ends  of  the  spectrm  is  further  demonstrated  in  Fig-  8.  Along  with 

Fig.  1. ,  it  may  also  he  noted  that  the  shapes  of  the  curves  at  the  two 

wave  lengths  are  different.  The  short  wave  lengths  normally  reach 

maximum  intensity  slightly  sooner,  hut  it  is  evident  that  they  drop 

off  much  faster  and  are,  therefore,  shorter  in  duration.  This  fact  is 

also  in  evidence  in  the  oscillograms  showing  light  output  as  a  function 

of  cui;rent  with  no  choke  in  the  circuit.  (See  Fig-  9') 

Here  it  can  he  seen  that  the  current  reaches  its  maximutm  value 

before  any  appreciable  light  is  emitted,  then  the  light  goes  to  a 

maximum  while  the  cirrrent  is  near  maximum  and  then  decays  with  the 

current  (the  ripples  are  due  to  cuirrent  oscillation  at  the  peak). 
l8 

Hoyt  and  McCormick'^  have  observed  that  for  most  flashtubes  filled 
with  noble  gases,  the  light  intensity  is  approximately  proportional 
to  current.  However,  the  data  from  this  work  has  shown  that  the 
radiant  intensity  is  not  directly  proportional  to  current  during  the 
flash.  Actually  the  exponential  decay  portion  of  the  light  curves, 
differs  from  the  corresponding  part  of  the  current  curves  in  that  the 
time  constant  for  the  light  (corresponding  to  the  PbSe  spectral 
response)  is  approximately  equal  to  RC/l.4  while  that  for  the  current 
is  equal  to  RC  (where  R  is  the  dynamic  resistance).  Cloupeau"'  has 
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50  |isec/cm 


(a)  Intensity  at  .55  microti 


50  p-sec/cm 


(b)  Intensity  at  1.0  loicron  e 

Fig.  8.  Oscillograms  showing  the  effect  of  voltage  variation 
on  the  radiant  intensity  at  the  UV  and  IE  ends  of  the  spectrum 
Vertical  units  are  not  the  same  for  (a)  and  (bjj  The  FT- 62 5 
with  a  circuit  capacity  of  195  iif  was  discharged  at  4.0,  5.O, 
and  2.2  El'^.  It  is  also  apparent  that  the  delay  between  trig¬ 
gering  pul.se  (of  constant  magnitude)  and  the  flashtube  dis¬ 
charge  varies  inversely  with  the  capacitor  voltage. 
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Current 


IJpper  sweep:  1.0  micron 
Lower  sweep;  0.55  micron 


Fig.  9*  Simultaneous  display  of  the  light  output  at  two  wave 
lengths  for  a  single  discharge  of  a  FT-405  at  2.0  KV  and  96 
Ilf.  The  intensities  at  .55  and  1.0  micron  were  adjusted  at 
the  detectors  to  yield  equal  afi5)litudes  at  their  peaks.  The 
tiae.  sequence  of  the  trace  begins  at  the  lower  left  comer  and 
proceeds  counter-clockwise. 
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reported  that  the  light  (except  in  the  hlue  region)  continues  after 
the  end  of  the  electric  discharge,  but  this  was  not  observed  in  the 

comparatively  long  time- duration  discharges  reported  here. 

9 

Edgerton,  Bonazoli,  and  Lamb  have  defined  flash  duration  as  the 
time  lapse  between  the  one-third  points  of  the  peak  light  pulse,  and 
this  has  become  a  widely  accepted  standard.  However,  this  work  has 
revealed  that  p-ulse  width,  7^,  defined  as  the  time  lapse  between  the 
l/^  points  of  the  peak  is  more  useful,  because  the  product  of  the 
peak  height  and  is  eqml  to  the  area  under  the  curve  to  within  ■ 
The  dependence  of  7-  on  the  voltage  and  capacitance  is  exhibited  in 
Figg.lOa  and  10b  wherein  each  point  represents  an  a^verage  determined 
from  several  oscillograms  displaying  the  signal  from  the  PbSe  photo¬ 
detector  vs.  time.  From  these  graphs,  it  is  evident  that  the  circuit 
capacitance  has  predominant  influence  on  the  flash  duration,  and  above 
approximately  800  joules  T  varies  linearly  with  the  capacitance. 

CORRELATION  BETWEEN  ELECTRICAL  INPUT  AND  THERMAL  OUTPUT 

Two  attractive  features  of  employing  flashtubes  as  sources  of 
thermal  radiation  are  (l)  the  good  reproducibility  obtained  from 
flash  to  flash  by  duplicating  the  external  electrical  parameters  V 
and  C  and  (2)  the  ease  of  adjusting  the  shape,  magnitude,  and  duration 
of  thermal  puilses  by  sinple  variation  of  these  same  parameters,  both 
of  which  are  easy  to  measure.  The  range  over  which  these  thermal 
pulses  can  be  varied  is  dictated,  primarily,  by  the  electrical 
operating  limits  for  each  type  of  flashtube. 

The  relationship  between  the  radiant  energy  incident  at  the  axis 
of  the  helical  flashtube  and  the  electrical  energy  dissipated  in  the 
flashtube  is  shown  in  Fig.  U  where  each  point  represents  an  average 
of  several  flashes.  The  4-. 5  and  5.O  KV  points  are  somewhat  low 
presumably  because'  at  the  higher  voltages  a  larger  per  cent  of  the 
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radiant  energy  is  in  that  part  of  the  short  wave-length  region  not 
transmitted  hy  the  Pyrex  calorimeter  envelope. 

The  electrical  input  shown  here  is  only  that  energy  expended  in 
the  circuit: 

E  =  I  .  (V^  -  V^).  (1) 

E  is  in  .joules  when  the  voltages  are  expressed  in  kilovolts  and  the 

capacitance  in  microfarads.  V.  is  the  initial  voltage  across  the 

^  * 

capacitance  and  the  residual  voltage  after  discharge.  This  rela¬ 
tionship  holds  for  the  flashtube  itself  only  if  the  ohmic  losses  in 
the  external  circ\iit  are  negligible.  The  presence  of  an  inductive 
component  will  not  alter  the  relationships  shown  in  Fig.  11^  but 
because  the  resistance  of  a  large  flashtube  is  only  about  three  ohms, 
a  choke  with  even  a  small  resistance  will  introduce  significant  losses 
and  will  reduce  the  radiant  output,  thereby  decreasing  the  slope  of 
the  line  in  Fig.  11.  It  is  evident  from  this  plot  that 

Q  =  kE  (2) 

where  Q  is  the  total  radiant  energy  per  square  centimeter  per  flash 
along  the  interior  axis  of  the  flashtube,  and  from  this  it  is  clear 
that  Q  is  directly  proportional  to  both  voltage  squared  and  capaci¬ 
tance.  Another  significant  fact  here  is  that  with  each  type  of  flash- 
tube,  k  has  the  same  value  for  all  combinations  of  voltage  and  capaci¬ 
tance,  i.e.,  the  radiation  efficiency  is  constant  over  the  ranges  of 
C  and  V  employed.  From  Table  II,  it  is  apparent  that  the  FT- 625  on  a 
per  unit  area  basis  is  not  the  most  efficient  of  the  flashtubes,  but 
its  chief  advantage  is  its  greater  energy  handling  capability. 


*  The  extinction  voltage  is  about  200  volts  for  the  large  flashtubes. 
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TABLE  II 


VALUES  OF  k  RELATING  FIASHTUBE  RADIANT 
ENERGY  TO  ELECTRICAL  INPUT  ENERGY 

G»  E.  Flashtube  k 

FT- 625  1.10  X  10”^  cal*  cm"  ^  jbiGle'^ 

FT- 503  1.71  X  10" 2 

FT-403  1.4  X  10"^ 

O 

The  reduction  in  irradiance  due  to  the  Pyrex  jacket  and  the 
quartz  insert  was  also  measured.  It  was  found  that  for  3-KV  discharges 
with  no  insert  present,  the  k  values  shovild  be  increased  7*0  per  cent, 
and  without  the  Pyrex  tubing,  an  additional  7*5  Per  cent  should  be 
added.  This  is  in  close  agreement  with  the  typical  value  of  8  per 
cent  reflective  loss  through  two  surfaces.  These  same  increases 
should  be  added  to  peak  irradiances  under  similar  conditions.  Apply- 

ing  these  corrections  to  the  FT- 625  will  give  k  =  1.27  x  10  cal. cm 
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joule  which  is  a  little  higher  than  the  1.0  x  10  value  obtained 

27 

from  the  graph  of  Kuebler  and  Nelson  for  discharges  with  their  low 
inductance  capacitor  bank  and  a  similar  flashtube;  however,  most  of 
this  discrepancy  can  be  attributed  to  a  difference  in  reflectors. 

Their  second  and  much  lower  value  of  k  resulting  from  a  circuit  which 
included  a  choke  indicates  that  the  choke  probably  had  significant 
resistance. 

PEAK  IRRADIANCES 

The  peak  irradiances  obtained  from  the  FT- 625  (no  choke  in  cir¬ 
cuit)  in  conjunction  with  various  combinations  of  electrical  parameters 
are  presented  in  Fig.  12.  As  might  be  expected,  the  voltage  is  the 
most  influential  factor  on  this  particular  property,  and  it  is  a 
linear  function  of  the  voltage  squared  and  tends  to  be  independent 
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of  capacitance  at  the  higher  values  of  capacitance. 

Although  all  the  values  for  Fig.  12  were  obtained  by  integrating 
the  light  pulses  as  previously  described,  it  was  found  that  the  rela¬ 
tionship 


H 

P 


1 

r 


(3) 


gives  results  which  are  very  close  to  these  values  yet  much  more 
readily  obtained.  Moreover,  by  substituting  equations  (l)  and  (2) 
into  (;>),  a  very  good  approximation  to  the  peak  irradiance  can  be 
easily  calculated: 


H  ^  .  (y^  _  y^)  . 

p  2r  i  f'' 


(M 


Here  the  last  term  may'  be  neglected  and  the  resulting  simplified  ex¬ 
pression  is 


2r 


V. 


TEMPERATURE  * 

•? 

Nelson  and  Lundberg  have  calculated  some  temperature  rises  of 
flash- irradiated  finely  divided  materials  and  have  shown  that  the 
optimum  size  for  rod-shaped  objects  is  approximately  10  microns  in 
diameter.  Experimentally,  they  were  able  to  evaporate  tungsten  wire 
explosively  at  5184  joules.  Within  this  project,  the  technological 
obstacles  to  the  measurement  of  high  temperatures  over  very  short 
times  have  deterred  attempts  to  actually  measure  the  temperatures 
attained  in  irradiated  materials.  Nevertheless,  included  in  this 
work  have  been  some  approximate  detenuinatlons  of  attainable  temper¬ 
atures  by  utilizing  the  melting  points  of  several  metals.  With  input 
energies  of  about  1500  joules  into  the  FT-625,  single  discharges 
melted  fine  copper  mesh  (1083°C),  nickel  mesh  (1452  O),  and  0.5  mil 
blackened  platinum  wire  (1755°C)  .  Additional  experiments  have  dem¬ 
onstrated  that  the  energy  required  to  melt  one-mil,  platinum-blackened 
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copper  foil  is  17OO  joules  which. corresponds  to  slightly  less  than 
2 

2.0  cal/cm  radiant  energy.  Thua,  the  absorbed'  energy  required  to 

2 

melt  the  copper  foil  is  3*9  cal/cm  ,  and  this  is  a  reasonable  correla- 
tion  with  the  value  of  3*7  cal/cm  calculated  from  the  specific  heat 
and  hiSat  of  fusion. 

Since  these  temperatures  were  obtained  using  only  comparatively 
low  energies  and  irradiances,  it  is  clear  that  the  heating  of  solid 
materials  to  considerably  higher  temperatures  is  well  within  the 
realm  of  possibility  with  this  same  equipment. 

ERRORS 

To  check  for  possible  errors  res-ulting  from  either  electrical 
pick-up  or  Inductive  heating  of  the  calorimeter,  and  opaque  dielectric 
cylinder  was  placed  aromd  the  calorimeter  which,  was  within  the  flash- 
tube  in  its  normal  position.  Discharges  of  1730  joules  each  produced 
no  perceptible  voltage  from  the  calorimeter  thermocouple. 

One  source  of  error  which  must  be  considered  is  the  extrapolation 
of  cooling  curves  to  determine  the  temperature  increment  of  the  calo¬ 
rimeter  element  for  each  flash.  However,  this  was  not  a  serious  prob¬ 
lem  with  the  vacuum  calorimeter,  because  the  silver  cylinder  equili¬ 
brated  thermally  in  4  seconds  and  the  subsequent  rate  of  cooling 
normally  was  approximately  2^  per  second.  The  typical  standard 
deviation  on  a  series  of  extrapolated  temperature  increments  was  a 
.4^.  The  absorptivity  of  the  Ft  black  sxirface  of  the  Ag  calorimeter 
element  was  assumed  to  be  1.00.  The  reflectance  of  Pt  black  on  silver 
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has  been  studied  previously  and  found  to  be  constant  at  slightl.y 
less  than  2$  from  O.25  to  2.5p;  however,  there  is  a  slight  absorption 
by  some  of  the  unblackened  portions  of  the  Ag  cylinder  which  are  ex¬ 
posed  to  the  radiant  flux,  and  this  small  contribution  was  regarded 
as  mak-^ng  an  equivalent  net  absorptance  of  close  to  unity  for  the 
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Slackened  surface.  Losses  due  to  black  body  radiation  were  con¬ 
sidered  to  be  negligible,  becaiose  the  temperature  increments  were  less 
than  60^C.  Thus,  the  accuiracies  for  the  vsilues  of  Q  are  judged  to  be 
within  ^  3^  at  least  for  a  specific  flashtube. 

Values  given  for  peak  irradiances  suffer  inherently  from  errors 
of  much  greater  magnitude  than  those  for  to%al  irradiance  per  flash. 

In  addition  to  the  errors  already  mentioned,  the  graphical  determina¬ 
tion  of  the  area  under  the  time- intensity  curves  is  the  least  accurate. 
Moreover,  the  proximity  of  the  photodetactor  response  to  a  black-body 
receiver  is  a  factor  in  describing  the  shape  of  this  curve  and  the 
conseq^uent  rate  at  which  the  energy  is  delivered.  TIlus,  the  values 
of  irradiance  are  considered  to  be  accurate  only  within  + 
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